This paper deals with an experiment effort on regularizing the near-wall flow-field of a zero-pressure-gradient turbulent boundary layer via passive discrete roughness elements. The major concept is to introduce quasi-steady wake of spanwisealigned roughness elements into the near-wall region of wall turbulence, so that the mean spanwise spacing of low-speed streaks in the near wall region can be modulated.
Introduction
Regularly-placed roughness elements have shown significant potential in modulating the coherent structures in the near wall region of either transitional or turbulent wall-bounded shear flows.
Sirovich et al. [1] used surface micro-protuberance to control turbulent boundary layer, their investigation showed that the distributed micro-protuberance could achieve a drag reduction of about 10% in some case. Frasson et al. [2] further used such technique to control boundary layer transition. By placing cylindrical roughness elements onto the wall surface, they introduced steady low-speed streaks with moderate strength in the downstream, which effectively inhibited the amplification process of T-S wave, thus delayed the transition process. Wang et al. [3] and Pan et al. [4] applied this technique onto wake-induced bypass transition control, where the introduction of roughness elements accelerated the early transition process, but suppressed the formation of large-scale structures.
In the scenario of wall-bounded turbulence, Zheng and Longmire [5] investigated the vortex packet perturbed by roughness element in turbulent boundary layer. And the experiment of Zhang et al. [6] characterized the structural and statistical regularization effect introduced by roughness elements. But the structural modulation induced by roughness elements is still not totally clear.
The primary aim of the present work is to investigate the effect of roughness elements onto the near-wall streak structures of a turbulent boundary layer. By manipulating these energetic coherent structures which are associated with the inner layer turbulence self-sustaining circle, it is hoped that the feasibility of this passive control method can be demonstrated.
Experiment method
The present experiment was conducted in a low-speed water channel in Beijing University of Aeronautics and Astronautics. A turbulent boundary layer was formed on the bottom wall of this water channel by tripping wire method [7] . The free-stream velocity U ∞ varied from 146~445 mm s -1 . The measurement station was 2.2 m downstream of the inlet of the test section whose size was 0.6m×0.7m×3.2m (width×height×length). At this station, Reynolds number based on the local momentum thickness, Re θ , ranged from 908 to 3152. Cylindrical elements, which has diameter d=4 mm and height k=5 mm, were attached on the bottom all, forming one spanwise-aligned column with spanwise spacing ∆z=8 or 16 mm between two neighboring elements. Characteristic Reynolds number based on the roughness height k and the unperturbed velocity at the top of the roughness u k is Re k =450~1500.
Two-dimensional Particle Image Velocimetry was used to measure the instantaneous velocity field of the streamside/spanwise component in the wall-parallel (x, z) plane at varied wallnormal height y. Fig.1 shows the experiment setup, the PIV optical configuration and the coordinate definition. 
Experiment results
It was found that the existence of these cylindrical roughness elements introduces quasi-steady wake disturbance into the near-wall region of the turbulent boundary layer. Such wake disturbance takes the form of velocity deficit, and is periodic in spanwise direction. An example of the time-averaged streamwise/spanwise velocity, U and W , in the lowest measurement plane of y=2 mm (y + =23) is given in Fig.3 . It is clearly shown that at this wall-parallel layer, the near wake (x<4d) presents distinct velocity deficit. However, the local streamwise velocity rapidly restores in the downstream, and soon exceeds the undisturbed level after x=4d, forming a streamwise-elongated high-speed strip pattern. Similar acceleration appears in the whole region below the top of the roughness elements, as can be evidenced by Fig.3 which shows the spatial distribution of U and W . Detailed investigation on the spatial relationship between the vortical structures and the mean velocity field shows that such a transition from low-speed wake deficit to high-speed strip can be attributed to the inviscid inducement effect by a pair of streamwise vortices wrapping around each roughness element [8, 9] . Moreover, these vortical structures also play a role of regulating the near-wall turbulent kinematic energy, as shown in Fig.4 . We define a transition point to separate the upstream wake deficit from the downstream acceleration at certain wall parallel layer below the top of the element; its streamwise position is denoted as x tr . This critical point depicts where the vortex inducement effect begins to commence explicitly, so that can be regarded as the initial point of the roughness regularization effect. By using spatial spectrum analysis on the spanwise profile of time-averaged streamwise velocity, U z , x tr can be precisely determined (as demonstrated in Fig.5 ). Fig.6 summarizes x tr + as a function of ∆z, Re k and y + . In general, x tr + increases with respect to y + in the near-wall region, and presents a strong Reynolds number dependency, and reducing the spanwise spacing of the roughness element from ∆z=16 to 8 mm will significantly decrease x tr + . Further investigation shows that the smaller x tr + is, the shorter the total length of the effective regularization region is. This reminds us that additional optimization is needed before applying this passive roughness element to control the characteristics of the near wall turbulence. 
Conclusion
In conclusion, the time-averaged streamwise velocity behind roughness elements increases linearly from bottom to top, which can be qualitatively explained by the induction effect from a pair of streamwise vortices wrapping around roughness elements. A double-peak high-speed turbulent fluctuation was observed near the wake of the roughness elements at where the normal height is small. Further downstream, the mentioned two peaks will merge into one.
The averaged amplitude of streamwise streak first decreases and then increases. The corresponding streamwise position of the minimum streak amplitude moves downstream as the normal height increases. While the roughness elements spacing narrows, the streak amplitude gets larger. The turbulence energy along the flow direction becomes smaller at a low normal height and becomes larger at a high normal height. Furthermore, the energy is negatively correlated with Reynolds numbers.
Finally, the spatial spectrum analysis shows that the streamwise vortex pairs only exist in a finite region near the roughness elements. The larger the roughness elements spacing is, the longer distance that regulated streak structures can maintain in the flow downstream of the roughness elements.
